Plasma cholesterol levels in cholesterol-fed rabbits were markedly reduced by the intravenous infusion or bolus injection of recombinant human apo E or rabbit plasma apo E. Administration of 6-70 mg of apo E resulted in an 2040% acute reduction in plasma cholesterol levels within 2-3 h. Plasma cholesterol levels remained reduced for 4-8 h after the administration of apo E. Furthermore, the intravenous injection of apo E reduced the plasma cholesterol levels in Watanabe heritable hyperlipidemic rabbits. The addition of apo E to '4Cqcholes-terol-labeled canine thoracic duct lymph or 1'4Clcholesterol-labeled chylomicrons resulted in accelerated plasma clearance of these diet-induced lipoproteins in normal rabbits, with the uptake occurring primarily in the liver. This study suggests that the amount or availability of apo E in the plasma of cholesterol-fed rabbits may be rate limiting for the normal clearance of diet-induced remnant lipoproteins.
Introduction
Apo E is a M, = 34,000 protein that serves as a ligand for the LDL receptor (also referred to as the apoB, E(LDL) receptor) (1) . Apo E is a protein constituent of several plasma lipoproteins: chylomicrons, chylomicron remnants, VLDL, intermediate-density lipoproteins, and a subclass of HDL (2) . Plasma lipid levels are regulated through the interaction of apo E-and apo B-containing lipoproteins with LDL receptors, which mediate the internalization and degradation of the lipoproteins (especially by liver parenchymal cells). In addition, a unique receptor specific for chylomicron remnants, the so-called apo E or chylomicron remnant receptor, has been postulated to exist in the liver and to participate in lipoprotein metabolism (1) (2) (3) .
Cholesterol-fed rabbits develop a hypercholesterolemia that is characterized by an increase in d < 1.006 g/ml lipopro-teins, which are predominantly of intestinal origin (for review, see reference 4). However, in a variety of cholesterol-fed animals, the d < 1.006 g/ml lipoproteins (3-VLDL) include cholesterol-rich chylomicron remnants and VLDL remnants (5, 6) . This study was undertaken to determine whether the intravenous delivery of excess apo E in cholesterol-fed rabbits would result in a lowering of plasma lipid levels. It was postulated that an increase in the delivery of apo E to the plasma might accelerate the clearance of the remnant lipoproteins, which are known to interact with lipoprotein receptors via apo E (1, 2).
Methods

Animals and diets
New Zealand White rabbits (males; typically 2.5-3.5 kg) obtained from Animal West (Soquel, CA) were maintained on rabbit chow (Ralston-Purina Co., St. Louis, MO). Cholesterol-fed rabbits received a semipurified diet (700-79; Zeigler Bros., Inc., Gardners, PA) containing 3% soybean oil and 0.5% cholesterol as previously described (7).
They were maintained on the cholesterol-rich diet for 2-6 wk before use. Watanabe heritable hyperlipidemic rabbits (5½/2-6-mo-old males; 2.8-3.2 kg) obtained from the National Institutes of Health (Bethesda, MD) were maintained on rabbit chow (Ralston-Purina Co.).
Canine thoracic duct lymph
Adult mongrel dogs (University of California, San Francisco), maintained under controlled laboratory conditions for > 4 wk, were used as a source of lymph. A lymph fistula, prepared as described elsewhere (8) , allowed the collection ofthoracic duct lymph. Briefly, anesthetized dogs received [4-'4C]cholesterol (250 ,uCi) in 5 ml of corn oil by gastric intubation. In addition, they were fed 450 ml of the fat-rich, nondairy creamer Mocha Mix (Presto Food Products, Industry, CA) to which 2.1% sucrose and 0.2% cholesterol (by weight) had been added (9) . Lymph was collected in blood packs (Fenwal Laboratories, Garden Grove, CA) containing 250 mg of disodium EDTA, 16,000 kallikrein inhibitor units (KIU) of Trasylol, and 167 mg of 5,5'-dithiobis-(2-nitrobenzoic acid) in 5 ml of distilled H20. 100 Ag/ml kanamycin, 1 mM PMSF, and 1 mM benzamidine were added to the lymph after collection. The protease inhibitors are those recommended by Edelstein and Scanu (10) . This method for stimulating the formation of chylomicrons and collecting the lymph has been used extensively in this laboratory (9) . Lymph was incubated for 1 h at 37°C with or without added recombinant apo E (235 mg of triglyceride plus 40 mg ofapo E). Lymph was infused into normal rabbits for 1 h at 4 mg of triglyceride/min.
Canine chylomicrons
Lymph with the highest concentration of radioactivity (usually the lymph collected 4-8 h after administration of fat) was centrifuged at 28,000 rpm for 90 min in a rotor (model SW28; Beckman Instruments, Palo Alto, CA) at 20°C. The layer of chylomicrons was removed, resuspended, passed through 0.45-um filters, stored at 40C, and used within 2 wk. The chylomicrons induced by this procedure and isolated as described have been characterized (9) . The chylomicrons were incubated at 370C for 1 h in the presence or absence of recombinant human apo E (49 mg of chylomicron triglyceride plus 13.3 mg of apo E).
Apo E
Human recombinant apo E3 has been produced in Escherichia coli, characterized with respect to biological activity, and shown to be identical to plasma apo E3 (11) . The receptor binding activity and in vivo clearance rates of the human recombinant apo E used in this study were identical to those previously reported for recombinant apo E and human plasma apo E3 (11) . Analysis of the purified recombinant apo E by the Gel-Clot technique (Limulus amebocyte lysate kit; Whittaker M. A. Bioproducts, Walkersville, MD) showed that it contained < 20 pg of endotoxin/mg of protein. The recombinant apo E could be concentrated to -5 mg/ml (turbidity occurred at higher concentrations).
Rabbit apo E was isolated from the plasma of cholesterol-fed rabbits as described previously for human apo E (12) . The purified rabbit apo E bound with high affinity to human fibroblasts in vitro. Apo E was iodinated using the 125I Bolton-Hunter reagent (Amersham Corp., Arlington Heights, IL), as described (13). RIA were performed with a solid-phase assay based on that described by Fainaru et al. (14) . Human apo E antisera prepared in rabbits detected human apo E but not rabbit apo E in the plasma of normal and cholesterol-fed rabbits.
Intravenous administration ofapo E Protocol 1. Cholesterol-fed rabbits (not fasted) were anesthetized with methoxyflurane and infused through the ear vein with saline for a baseline period of 1 h at 0.33 ml/min. After this period, 70 mg of recombinant apo E in saline (0.15 M NaCl) or saline alone was infused for 2 h at 0.29 ml/min. We analyzed a zero time blood sample at the end ofthe baseline period, plus samples at 30-min intervals during the infusion of apo E or the saline control, for plasma cholesterol and triglyceride. Lipoprotein cholesterol and triglyceride concentrations were determined as described (5) .
Protocol 2. In contrast to protocol 1, the cholesterol-fed rabbits were not anesthetized and did not receive a baseline infusion of saline. The rabbits (not fasted) were intravenously infused for 2 h either with rabbit plasma apo E (45 mg) in saline or with saline alone (0.1 ml/ min), with recombinant apo E (41 mg) in saline or with saline alone (0.07 ml/min), or with recombinant apo E (33.7 mg) in rabbit serum or with autologous rabbit serum alone (0.1 ml/min). To prepare the apo E in serum, 7 ml ofapo E in saline was added to 5 ml of freshly prepared rabbit serum (autologous rabbit serum was obtained 16 h before the study). For plasma cholesterol and triglyceride determinations, blood samples were obtained before the infusion; at 30, 75, and 120 min during the infusion; and at 45 min after the infusion.
Protocol 3. Unanesthetized cholesterol-fed rabbits were given either a bolus intravenous injection (for 60 s) of rabbit plasma apo E (29 mg) in 6 ml of saline, or 6 ml of saline alone. In separate studies, rabbits were injected with rabbit plasma apo E (46.8 mg) in 8 ml of saline or with 8 ml of saline alone. Blood samples were obtained for plasma cholesterol and triglyceride determination at zero time (just before bolus injection) and at 5, 30, 75, 120, and 165 min after injection. Rabbits were either fasted overnight or not fasted (see Table IV legend). Other cholesterol-fed rabbits (not fasted) received 6 or 12 mg of recombinant apo E in 6 ml of saline, or 6 ml of saline alone.
Plasma clearance and tissue distribution
Blood samples from the ear vein were collected in tubes containing disodium EDTA (0.1% wt/vol). Radioactivity in the plasma was determined in a liquid scintillation counter (Model LS7500; Beckman Instruments) or in a gamma counter (Model Gamma 4000; Beckman Instruments). Plasma volume was estimated to be 3.5% ofbody weight. Tissues were immediately collected from rabbits euthanized by a l-ml injection of Euthanasia (Anthony Products, Arcadia, CA). The liver, spleen, kidney, heart, adrenals, lung, and adipose tissue were rinsed in saline, blotted, and weighed as described (9) . Bone marrow was obtained by removing both ends of the femur and tibia and pushing the contents from the shaft with an applicator stick. Bone marrow values represent an average ofthe uptake by the femur and tibia. The amount of ['4C]cholesterol uptake was determined by extracting lipids from the tissues as described, and organ weight was calculated as previously reported (9) .
Results
Recombinant human apo E3 produced in bacteria was infused intravenously into cholesterol-fed rabbits under three different protocols. In protocol 1, anesthetized rabbits were infused with saline (0.33 ml/min) for 1 h, then with 70 mg ofthe recombinant apo E3 in saline (0.29 ml/min) for 2 h. Control animals received a saline infusion for the 2 h. As shown in Table I , the cholesterol-fed rabbits receiving the apo E had a 21-34% reduction in their plasma cholesterol levels, in contrast to a 10-14% reduction in the saline-infused controls. These data suggested that the administration ofapo E resulted in an accel- To investigate the fate of the intravenously administered apo E, an aliquot of the apo E was iodinated (125I), mixed with the 70 mg of unlabeled apo E (final specific activity, 2, 990 cpm/hg), and infused into cholesterol-fed rabbits under the same protocol as reported in Table I . Based on the specific activity of the injected apo E, the quantity of human apo E remaining in the plasma at each time point and the final amount taken up by tissues during the 2-h infusion could be calculated. The two rabbits used in this experiment had initial plasma cholesterol levels of 1,094 and 620 mg/dl; the 2-h infusion of the 70 mg of apo E resulted in 27 and 18% decreases in plasma cholesterol levels, respectively. Recombinant apo E levels in the plasma of these two cholesterol-fed rabbits rose steadily during almost the entire infusion period (Fig. 1 A) . Approximately 15-20 mg of infused apo E remained in the plasma after 2 h; therefore, -50-55 mg ofapo E was removed from the plasma during the 2-h infusion. At the end of the 2-h infusion, when -25% of the injected dose of apo E remained in the plasma, 41-47% of the injected dose had been taken up by the liver (Fig. 1 B) . Previously, we have shown that bone marrow in the rabbit takes up a significant quantity of triglyceride-rich lipoproteins (9) . However, in the presence of excess apo E, < 10% of the injected dose was detected in the bone marrow, an observation consistent with previous findings that suggest that apo E preferentially directs lipoproteins to the liver (9). The -9-11% of the injected dose detected in the kidney presumably represented cleared 1251I-labeled apo E or proteolytic fragments of the '251-labeled apo E. Very low levels of 1251 were detected in other organs (< 1% of the injected dose). In a separate experiment using the same infusion protocol, -19% of the injected dose of apo E remained in the plasma at the end of the 2-h infusion. 3 h later, 13% of the injected dose of apo E was still in the plasma, and the plasma cholesterol level in this cholesterol-fed rabbit had decreased by 35.3%. From these studies it appears that the infusion of apo E results in the clearance of cholesterol-rich lipoproteins, primarily by the liver.
As shown in Table I , the saline control rabbits also had a reduction in plasma cholesterol levels. Because the reduction might have been due to plasma dilution secondary to saline infusion, an effect of the anesthesia, or both, unanesthetized cholesterol-fed rabbits were infused with apo E in smaller fluid volumes (protocol 2). Approximately 40 mg of recombinant apo E in saline or in autologous rabbit serum was administered for a 2-h period, followed by a 45-min postinfusion period. As a result, the decrease in the plasma cholesterol levels in the saline or serum controls was minimized (to 4-6%), whereas apo E infusion resulted in a 26-27% reduction in plasma cholesterol (Table II ). Therefore, it was possible to reduce, but not eliminate, this experimental effect on the control animals; as will be seen in other experiments, some rabbits do appear to be highly sensitive to the injection of rather small volumes of fluid, necessitating parallel control studies. However, apo E can only be concentrated to 5 mg/ml without forming visible aggregates, thus limiting the amount of apo E that can be administered.
To determine whether rabbit plasma apo E had an effect similar to recombinant apo E in reducing plasma lipids, 45 mg of rabbit apo E was administered (0.1 ml/min) to a cholesterol-fed rabbit. The plasma cholesterol decreased by 39% at the end of the 2-h infusion period and by 37% at 45 min after the infusion period (Table III) . The plasma triglyceride level was decreased at 30 min after the apo E infusion began; however, it approached the zero time control value by 45 min after infusion. The cholesterol levels in the saline control were essentially unchanged.
As an alternative method for administering apo E (protocol 3), a bolus intravenous injection of apo E was given to a cholesterol-fed, unanesthetized rabbit. The percentage of the injected dose of 125I-labeled apo E that accumulated in the tissues (per organ) or that remained in the plasma at the end of the 2-h infusion is shown for both rabbits. The spleen and lung in both animals each possessed < 2% of the injected dose, and the adrenals, heart muscle, and adipose tissue each had < 0. 1%. mg in 6 ml of saline, rabbit I; 46.8 mg in 8 ml, rabbit II) resulted in a 37-38% reduction in plasma cholesterol levels in two cholesterol-fed rabbits (Table IV) . However, in rabbit I the plasma triglyceride decreased in parallel with the cholesterol, whereas the triglyceride levels in rabbit II actually increased after an initial decrease. This variability appears to correlate with the induction ofVLDL biosynthesis after the delivery ofa large dose of remnant lipoproteins to the liver in rabbits (see Discussion). The plasma cholesterol levels of the saline controls (rabbits III and IV) decreased by 1 1-12%. See protocol 3 in Methods. Study rabbit I, rabbit apo E (29 mg) in 6 ml of saline injected as a bolus; study rabbit II, rabbit apo E (46.8 mg) in 8 ml of saline; study rabbit III, 6 ml of saline; and study rabbit IV, 8 ml of saline. Plasma cholesterol and triglyceride levels are reported as milligrams/deciliter. Rabbits I and III were not fasted; rabbits II and IV were fasted overnight before the study.
The effects of lower doses of apo E and the time course of response of the plasma cholesterol levels to these lower doses were also examined in cholesterol-fed rabbits. As shown in Table V , a bolus intravenous injection of recombinant apo E at a dose of 6 or 12 mg resulted in a marked reduction in the plasma cholesterol levels for 4-8 h. However, the plasma cholesterol levels returned to at least pretreatment values at 24 h after apo E infusion.
In additional studies, a bolus injection of apo E (38 mg of recombinant apo E) was administered to two unanesthetized Watanabe heritable hyperlipidemic rabbits (initial plasma cholesterol levels, 533 and 374 mg/dl). The plasma cholesterol levels were decreased by 23% in both animals at 4 h after apo E injection. These data are consistent with the recent publication of Yamada et al. (15) .
To determine the effect of excess apo E on the metabolism ofdiet-induced lipoproteins, ['4C]cholesterol-labeled intestinal lipoproteins in canine thoracic duct lymph, induced by dietary fat and cholesterol, were injected intravenously into normal fasted rabbits with or without the addition of recombinant apo E. As shown in Fig. 2 A, incubation ofwhole lymph with apo E resulted in a marked acceleration of the clearance of the ['4C]cholesterol-labeled lipoproteins, especially during the initial period of infusion. The human apo E level, as determined by a RIA that detected only the human apo E, increased in the plasma during the infusion period and then decreased (Fig. 2  B) . The accumulation of apo E during the infusion undoubtedly reflects a saturation of the clearance mechanism. These data indicate that the amount or availability of apo E in the rabbit may be rate limiting in the processing and/or clearance of intestinal lipoproteins and that the addition of excess apo E accelerated the initial rate of clearance of the intestinal lipoproteins.
The effect of added apo E was more dramatic when added to chylomicrons isolated from the canine thoracic duct lymph. Recombinant apo E (12 or 6 mg) was injected intravenously as a bolus in 6 ml of saline. Saline control rabbits received 6 ml of saline. * Plasma cholesterol levels are reported as milligrams/deciliter at zero time (just before the injection of apo E). Fig. 3 A, the addition of apo E markedly increased the clearance of the ['4C]cholesterol-labeled chylomicrons from the plasma of a normal rabbit. The uptake of the chylomicrons without added apo E at 20 min was primarily by the liver (-30% ofthe injected dose) and the bone marrow (-40%) (Fig. 3 B) with recent data from this laboratory (9) . When apo E was added to the ['4C]cholesterol-labeled chylomicrons, the liver accounted for 53% of the clearance from the plasma, and the bone marrow accounted for 25%, indicating that the addition of apo E preferentially directs these lipoproteins to the liver for uptake.
Discussion
The intravenous infusion or bolus injection of recombinant human apo E or rabbit plasma apo E at doses of 6-70 mg of protein per rabbit markedly lowered the plasma cholesterol levels in cholesterol-fed rabbits in these acute studies (2-3 h). Plasma cholesterol levels remained reduced for up to 4-8 h after the administration of apo E. The intravenously administered apo E (labeled by a tracer dose of 1251-apo E) was cleared from the plasma predominantly by the liver. Smaller quantities appeared in the bone marrow and the kidney. Recently, the perisinusoidal macrophages in rabbit bone marrow have been shown to take up chylomicrons and chylomicron remnants (9 The variable response of the plasma triglyceride levels of the cholesterol-fed rabbits to the infusion of apo E was initially puzzling. In some cases the triglyceride levels appeared to decrease with apo E infusion, whereas in others they increased. Although diet-induced hyperlipoproteinemia is characterized almost exclusively by elevated cholesterol levels, one would assume that if apo E was accelerating the clearance of remnant lipoproteins, the triglyceride levels would decrease along with the cholesterol levels. However, we have recently observed that the delivery of large quantities of chylomicron remnants to the liver of rabbits appears to result in a rapid, marked acceleration in the production of very large VLDL (which presumably are triglyceride rich) by hepatocytes at variable time intervals after injection of the remnants (Boyles, J. K., R. W. Mahley, and M. M. Hussain, unpublished data). These data are consistent with the observation that rat chylomicron remnants and #l-VLDL can induce the secretion of large quantities of VLDL by the transformed human liver cell line, HepG2 (16) . Therefore, we interpret the variable response of the plasma triglyceride to apo E infusion to reflect the simultaneous occurrence of two competing processes, i.e., the enhanced uptake ofremnant lipoproteins and the induction of a variable amount of VLDL secretion. In some rabbits there appears to be a prompt induction of VLDL synthesis (Table I , high levels of apo E infused), whereas there may be no induction at a lower concentration of apo E (Table IV, Infusion an initial decrease in plasma triglyceride, followed by a prompt rise (Table IV, rabbit II) . Studies are in progress to determine the contribution of these two competing processes in response to high levels of apo E administration.
This study suggests that the amount or availability ofapo E may limit the rate of cholesterol uptake in cholesterol-fed animals and that excess apo E promotes a decrease in plasma cholesterol in cholesterol-fed and Watanabe heritable hyperlipidemic rabbits, presumably by accelerating the hepatic clearance of remnant lipoproteins. Clearly, apo E was given in high doses in this study to maximize the effect. Normal rabbits have apo E levels of 2-2.5 mg/dl (17) , whereas cholesterol feeding of Watanabe heritable hyperlipidemic rabbits (plasma cholesterol 1,200 mg/dl) can result in apo E levels of 33 mg/dl (17) . The availability of additional apo E to associate with the lipoprotein particles could enhance the binding affinity of these lipoproteins to hepatic lipoprotein receptors, resulting in a greater uptake: apo E-containing lipoproteins bind to LDL receptors with a 20-25-fold greater affinity than do LDL (2, 18) . This enhanced binding is mediated by the interaction between multiple apo E molecules on the surface of the lipoproteins with LDL receptors (2, 18) . Alternatively, the presence of excess apo E may enhance clearance of plasma lipoproteins, especially remnant lipoproteins, by accelerating the processing oflipoproteins through the action oflipoprotein lipase, lipid transfer proteins, and/or other processes that cause the particles to be recognized more readily by lipoprotein receptors. Although levels of 6 mg of apo E per rabbit markedly reduced the cholesterol levels, the minimum level of apo E required to have an effect on lipoprotein metabolism will require further study. In addition, the mechanism of action of apo E injected intravenously needs to be better understood.
